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Synapse is a fundamental structure in which two neurons communicate, and 

many studies have revealed the intercellular signaling of neurons. 

Understanding the structure and function of synapses is crucial to brain 

function research and the overcoming of synaptic disorders. Nerves play a role 

in controlling many organs in our body, including glands and muscles. Signal 

transduction between neurons and other cells around the synapse is very 

important not only in the central nervous system but also in the peripheral 

nervous system. Therefore, these studies are essential to understand the neural 

control of the organ in question at the molecular and cellular level. 

One of peripheral system, salivary gland regulates their secretory 

functions through the neurotransmitter-generated Ca2+ signal. Increase of 

intracellular Ca2+ regulates ion channel activity in various domains in the cell 

and induces translocation of AQP5 channel to cause water secretion. These 



salivary gland cells communicate with other cells mainly via G protein-

coupled receptors (GPCRs). Therefore, understanding GPCRs in target organs, 

including exocrine glands, is crucial to understanding how receptive signals 

from neurons are accommodated.  

First, I characterized the molecular mechanism of GPCR signaling in 

salivary gland. Recently, it has been shown that store-operated Ca2+ entry 

contributes significantly to GPCR-mediated Ca2+ entry. In this thesis, I 

investigated the characteristics of SOCE in human submandibular gland HSG 

cells with those of human embryonic kidney 293 (HEK293) cells, human 

leukemia T cell line Jurkat-T cells and human promyelocytoma HL-60. 

Results imply that, unlike most non-excitatory cells, SOCE in HSG cells is 

distinct from typical Orai-dependent SOCE. 

I tried to identify a novel GPCR in salivary gland cells. I have 

characterized metabotropic Zn receptors on human submandibular gland cells. 

I found that ZnR/GPR39 is expressed in HSG cells. ZnSO4 increased cytosolic 

Ca2+ concentration ([Ca2+]i). Both muscarinic antagonist and histaminergic 

antagonists did not have any effect on Zn-induced increases of [Ca2+]i. Zn-

induced [Ca2+]i completely blocked by PLC inhibitor and showed 

heterologous desensitization. These data suggest that metabotropic Zn 

receptors are involved in Ca2+ signaling in human submandibular gland cells, 

which is distinguished from other salivary gland G-protein-coupled receptors.  

Next I studied a modulator of GPCR signaling in salivary gland cells. I 

have studied how chlorpromazine regulates intracellular calcium signaling in 

salivary glands. In the mouse model, chlorpromazine inhibited muscarinic-

induced saliva secretion. Chlorpromazine inhibits muscarinic and histamine-

induced [Ca2+]i increases in HSG cells. Interestingly chlorpromazine inhibits 

both Ca2+ release from ER and Ca2+ influx via SOCE. These results suggest 

that chlorpromazine inhibits GPCR-mediated calcium signal through various 



inhibitory sites such as ER and SOCE, thereby reducing salivation.  

Finally, I focused on a modulator of the downstream pathway of GPCR-

induced Ca2+ signaling in muscle cells. The BK channel, Ca2+ activated K 

channel is downstream of cytosolic Ca2+ signaling. Cereblon (CRBN) is a key 

factor that regulates the surface level of this BK channel, and binding with BK 

induces ER retention. I investigated whether a pathogenic R419X mutant form 

of CRBN rescues the phenotype observed in the CRBN KO mutant at the 

Drosophila NMJ. I observed that CRBN WT was expressed in the brain region, 

while CRBN R419X was expressed in the VNC and axonal terminal regions. 

Transfection of CRBN WT into CRBN KO cells in cultured hippocampal 

neurons also decreased BK channel activity, but transfection of CRBN R419X 

did not show a significant decrease in BK channel. These results suggest that 

the decrease of presynaptic release probability through BK channel increase 

can be induced by CRBN KO and point mutation (R419X). 

 These results suggest that Ca2+ signaling, as well as its upstream (i.e. 

GPCR) and downstream (i.e. Ca2+-activated K+ channel) factors, is the critical 

modulator for the peripheral neurotransmission, and a core regulator target for 

the peripheral functions including exocrine glands and muscles. 
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General Introduction  

 

Synapse is a fundamental structure in which two neurons communicate, and 

many studies have revealed the intercellular signaling of neurons. 

Understanding the structure and function of synapses is crucial to brain 

function research and the overcoming of synaptic disorders. Signaling in 

synapses plays a very important role in cognition, sensory perception, learning 

and memory, and decision-making. So far, many studies on synaptic plasticity 

have revealed the molecular and cellular mechanisms of brain function. These 

studies have addressed signal transduction between neurons in the central 

nervous system, mainly in the hippocampus and cerebral cortex. In order to 

precisely control synaptic signal transduction, it is necessary to control the 

synaptic structure and function through the interaction of the two cells 

forming the synapse. These interactions are mediated by cell adhesion 

molecules or secreted signal molecules (Siddiqui and Craig, 2011; Missler et 

al., 2012). It has been known that neuroligin and neurexin, which are typical 

cell adhesion molecules, play a key role in neurological function, and many 

studies have proved that these abnormalities cause various brain diseases 

called 'synaptopathy' such as autism or cognitive impairment (Rothwell et al., 

2014; Anderson et al., 2015; Bemben et al., 2015). 

The signaling of these synapses is not necessarily limited to the central 

nervous system. Nerves play a role in controlling many organs in our body, 

including glands and muscles. This regulation is mainly in the peripheral 

nerves, such as the autonomic nerves and the motor nerves, and their 

molecular identity is similar to the central nervous system. Therefore, signal 

transduction between neurons and other cells around the synapse is very 

important not only in the central nervous system but also in the peripheral 
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nervous system. Therefore, these studies are essential to understand the neural 

control of the organ in question at the molecular and cellular level. 

 

Exocrine Gland as a target of peripheral nervous system.  

The salivary gland is an exocrine gland formed by the epithelium surface 

inward, where saliva is formed and released into the oral cavity. The salivary 

gland consists of large salivary glands (submandibular glands, parotid glands, 

and sublingual glands) and minor salivary glands. The saliva secreted is 

mainly composed of electrolytes and water obtained from the blood plasma. 

Such saliva plays various roles such as providing moisture to the oral mucosa 

to keep it dry, thereby maintaining healthiness in the oral cavity, improving 

taste, lubricating action, buffering action and eliminating the occurrence of 

dental caries. 

Exocrine cells, the salivary gland cells, regulate their secretion through 

the neurotransmitter-generated Ca2+ signal. Their saliva secretion is regulated 

by autonomic sympathetic and parasympathetic stimuli. Especially, 

acetylcholine secreted from parasympathetic nerve is known to be the most 

important salivary secretory factor in salivary glands. In order to enhance 

fluid secretion in the salivary gland, a series of processes is required: 

activation of the membrane receptor, production of the intracellular second 

messenger, migration of calcium, and stimulation of the ion transport pathway. 

When an increase in cytosolic Ca2+ ([Ca2+]i) occurs in the acinar cell where 

fluid secretion occurs, ion channel activity is regulated in various domains in 

the cell, and the water channel AQP5 channels are translocated to lumen and 

water secretion occurs . There are two steps, Ca2+ release from endoplasmic 

reticulum (ER, Ca2+ storage) and Ca2+ influx via plasma membrane, to 

increase [Ca2+]i in the salivary gland and maintain the saliva secretion state 
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(Fig. 1). 

[Ca2+]i plays a very important role in regulating K+, Na+ and Cl- flux in 

salivary acinar cells. Fluid secretion is maintained as long as [Ca2+]i increases 

in acinar cell activates K+ and Cl- channels. For fluid secretion, transepithelial 

transport of Cl- from the basolateral to apical side of the cell is required, and 

Na+ flux through the tight junction accumulates NaCl in the lumen, resulting 

in water secretion through the AQP5 channel present in the apical membrane 

with the appropriate osmotic gradient. In addition, the apical and basolateral 

regions of the cell become a hyperpolarized state through K+ efflux to support 

the fluid secretion. Cytosolic Ca2+ is maintained at about 50-100 nM in resting 

cells, which is smaller than the threshold that required to activate K+ and Cl- 

channels (Melvinetal, 2005; Ambudkar, 2014). 

 

Ca2+ release from ER 

G-protein mediated activation of phosphatidylinositol 4,5 bisphosphate 

(PIP2)-specific phospholipase C (PLC) occurs when an external 

neurotransmitter binds to muscarinic, alpha-adrenergic, or purinergic 

receptors present in the plasma membrane and hydrolyzes PIP2 into inositol 

1,4,5-trisphosphate (IP3). IP3 binds to the IP3 receptor (IP3R) present in the ER 

membrane and releases Ca2+ in the ER through the receptor (Fig. 1). In 

exocrine gland cells, IP3R2 and IP3R3 are concentrated in the apical pole of 

the cell (Mikoshiba, 2008; Yule, 2010; Petersen, 2008), and intracellular 

calcium increases in the apical region when external stimuli are given. This 

increased intracellular calcium is spread to the basal pole (Melvin et al., 2005; 

Yule, 2001), which activates various ion channels and transporters to 

coordinate fluid secretion coordinately (Melvin et al., 2005; Ambudkar, 2012). 
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Ca2+ influx via plasma membrane 

The intracellular calcium increase occurs not only in the Ca2+ release from the 

ER but also in the Ca2+ influx through channels at the plasma membrane. The 

latter is called store-operated Ca2+ entry (SOCE) and is caused by Ca2+ 

depletion of ER. STIM1 in the ER membrane acts as a Ca2+ sensor, which 

causes a conformational change when the ER calcium concentration is 

lowered and forms a Ca2+ entry channel with Orai or Transient Receptor 

Canonical (TRPC) present in the plasma membrane (Hogan et al., 2010; Yuan 

et al., 2009; Kee et al., 2010; Cheng et al., 2013). Orai1 is the most well 

characterized among the Orai channel family, which forms a highly Ca2+ -

sensitive, inwardly rectifying Ca2+ current (Icrac) when activated by STIM1 

(Hogan et al., 2010; Prakriya. 2009; Yuan et al., 2009). This channel functions 

as a Ca2+ permeable non-selective cation channel, and in particular all 

members are activated in response to PIP2 hydrolysis stimulated by 

neurotransmitters (Birnbaumer et al., 1996; Montell, 2005). Perturbation of 

SOCE activity is thought to be an important toxic mechanism because SOCE 

keeps intracellular calcium pool constant and maintains GPCR signaling. 

 

Intracellular Ca2+ signaling 

Ca2+ was first recognized for its importance in physiological function by 

Sydney Ringer in the 1880s, and many studies have been found to be critical 

to various cell motility (gene transcription, muscle contraction) (Berridge et 

al., 2000; Rizzuto and Pozzan, 2006). Ca2+ modulates protein function by 

altering the shape and charge of binding proteins (similar to phosphorylation). 

In addition, its divalent cation is highly reactive and can bind strongly to 

water and precipitate phosphates compared to its cousin, Mg2+. This 
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characteristic of calcium ions makes it necessary to control the concentration 

in cells, and uses compartments, extrusion or chelation to control calcium 

without chemical changes. Signal transduction is controlled through the 

affinity of hundreds of proteins that bind to calcium. 

The compartment, the simplest method for intracellular concentration 

control, is due to the plasma membrane of the cell. The calcium signal in 

epithelia or cardiomyocyte is transmitted through connexon, a pathway 

through two cell membranes called gap junctions. However, in general, cell to 

cell signals are transmitted through channels such as nicotinic, purinergic 

(ionotropic), and NMDA receptors. 

The intracellular calcium concentration is about 100 nM, whereas the 

extracellular calcium concentration is 2 mM, which is roughly 20,000 fold. 

Therefore, various toolkits are required to maintain calcium concentration in 

cytoplasm. There are ATPase pumps and exchangers to lower the cytoplasmic 

calcium concentration. The presence of PMCA in the plasma membrane of the 

cell and SERCA in the ER, the intracellular calcium reservoir, transport the 

cytoplasmic calcium into the extracellular or ER. In addition, Na+, Ca2+ and 

K+ are exchanged through NCKX and NCX present in the protoplasm. 

Conversely, when increased cytoplasmic calcium is required, various Ca2+ 

permeant channels and the PLC pathway through the GPCR are activated. 

Excitable cells such as neurons and muscle cells are activated by voltage-

operated Ca2+ entry (VOCE), which is opened by depolarization, whereas 

nonexcitable cells such as salivary gland cells activate intracellular stores of 

the calcium-operated Ca2+ entry (SOCE) is activated. 

 

G-protein coupled receptor signaling  

The neurotransmitters and hormones produced by neurons and immune cells 
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control exocrine functions. Salivary gland is one of exocrine glands 

communicating vigorously with other cells. Salivary gland cells are classified 

as non-excitable cells, as they lack voltage-sensitive channels, and they 

communicate with other cells through G-protein-coupled receptors (GPCRs). 

For example, salivary secretion, one of the essential functions of salivary 

glands, is mediated by the activation of GPCRs and the subsequent increase in 

cytosolic Ca2+ levels ([Ca2+]i) (Roussa, 2011; Lee et al., 2012). Therefore, 

impairment of GPCR-mediated signaling results in the dysfunction of salivary 

glands (Jin et al.,2012). In the human salivary gland, a series of GPCRs, 

including P2Y2, histamine, and S1P have been investigated, elucidating their 

unique functions (Baker et al., 2008; Kim et al., 2009; Seo et al., 2010). 

 

Neuromuscular junction as another target of peripheral nervous system.  

The Drosophila neuromuscular junction (NMJ) is a good model system used 

for the study of synaptic development and plasticity. There are 30 muscles per 

hemisegment whose arrangement within the peripheral body wall is known. A 

total of 31 motor axons attach to these muscles in a high fidelity pattern and it 

forms a synaptic arbor with varicosities, synaptic boutons. This anatomical 

structure not only facilitates observation of structural changes, but also 

permits single cell resolution. The advantage is that powerful genetics can 

control specific genes spatially or temporally. It can also represent the 

excitatory synapse of the CNS with glutamatergic synapse such as the 

hippocampus. 

 

Purpose  

I studied the regulation by neurotransmitter in peripheral nervous system in 

two major model systems. I tried to understand the calcium signal by 
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comparing the characteristics of SOCE, downstream of the intracellular 

calcium signal of non-excitatory cells, including the human salivary gland. I 

examined the activity and inhibitory mechanism in the receptor regulation of 

the salivary gland. I studied ZnR / GPR39 as a new receptor recognition and 

receptor activity increase study and studied the mechanism of 

chloropromazine as a receptor inhibition study. In addition, I tried to confirm 

the role of CRBN-mediated neurotransmitter regulation, which regulates the 

surface level of the BK channel, downstream of the calcium signal in the PNS. 

To this end I have studied a physiological role of pathogenic CRBN in 

Drosophila NMJ.  
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Figure 1. Ca2+ signal transduction and regulation of fluid secretion in salivary 

gland acinar cells. This figure shows the key signaling events and components 

involved in the regulation of fluid secretion in salivary gland cells. Increase of 

cytosolic calcium as a result of neurotransmitter stimulation, intracellular Ca2+ 

release and Ca2+ influx induces the regulation of ion transport through the 

apical membrane of cells, the production of osmotic gradient and the flow of 

water.  
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CHAPTER I 

 

Characterization of SOCE in non-excitable cells 

including salivary gland cells 
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1.1. Introduction 

 

Recently, a growing number of studies have shown SOCE to be a core step 

of  phospholipase C (PLC) signaling. SOCE is a key mechanism in PLC-

mediated Ca2+ signaling (Lopez et al., 2016). The IP3 produced by PLC 

activity binds to IP3 receptors in intracellular Ca2+ pools (such as ER) and 

evokes Ca2+ release. The consequence of this process is the depletion of 

intracellular Ca2+ pools, which triggers a structural change in STIM1, a Ca2+ 

sensor in Ca2+ pools. The activated STIM1 interacts with Orai and/or TRPC 

in the plasma membrane and initiates Ca2+ influx from the extracellular space. 

Because SOCE helps maintain intracellular Ca2+ pools by refilling Ca2+ after 

depletion, SOCE perturbations are an important toxic mechanism. My lab 

recently reported that NDL-PCBs including PCB19 block Ca2+ signaling 

pathways by SOCE inhibition in neuronal PC12 cells (Choi et al., 2016). 

NDL-PCBs inhibited thapsigargin-induced Ca2+ influx as well as bradykinin 

receptor-mediated Ca2+ signaling.   

However, it is not known whether these cells have the same mechanism. 

Since SOCE requires coordination of several intracellular Ca2+ sensors and 

channels, it is thought that the regulatory mechanisms are different 

depending on the type of Ca2+ sensor and channel involved. In particular, the 

degree of contribution of SOCE to intracellular calcium signal is predicted to 

be different between excitable cells (with voltage-sensitive Ca2+ channels) 

and non-excitable cells (dependent only on G-protein coupled receptors). 

However, studies comparing these characteristics in non-excitatory cells 

have not been well conducted. For example, neuronal PC12 cells express a 

series of SOCE-related channels including TRPC (Heo et al., 2012), it was 

still unclear whether SOCE in PC12 cells is the most common SOCE form 
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mediated by Orai family. I have described in chapter 3 that chlorpromazine 

inhibits SOCE. Characterization and comparison of SOCE will provide very 

important information in predicting how SOCE inhibition of chlorpromazine 

will appear in other cells and in other ways. 

To this end, I characterized SOCE in human submandibular gland HSG 

cells, rat pheochromocytoma PC12 cells, human embryonic kidney 293 

(HEK293) cells (Graham et al., 1977), human leukemia T cell line Jurkat-T 

cells (Gillis and Watson, 1980), and human promyelocytoma HL-60 cells 

(Collins et al., 1978). I compared the SOCE of HSG cells with SOCEs of 

other cells that are good model systems for testing Orai-dependent SOCE 

because previous literatures have demonstrated that these cell lines 

intrinsically express Orai channels (DeHaven et al., 2009; Gwozdz et al., 

2012; Dörr et al., 2016; Schaff et al., 2010).  
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1.2. Materials and Methods 

 

Materials   

Carbachol, histamine and sulfinpyrazone were purchased from Sigma (St. 

Louis, MO, USA). 2APB, ML9, Gd3+, and SK&F96365 were obtained from 

Tocris (Bristol, UK). Thapsigargin was purchased from Alomone Labs 

(Jerusalem, Israel). Fura-2/acetoxymethylester (Fura-2/AM) was obtained 

from Molecular Probes (Eugene, OR, USA). Fetal bovine serum, modified 

Eagle’s Medium, RPMI 1640 medium, and penicillin/streptomycin were 

purchased from Gibco (Grand Island, NY, USA).  

 

Cell culture 

PC12, Jurkat T and HL-60 cells were maintained in RPMI 1640 medium 

supplemented with 10% (v/v) heat-inactivated fetal bovine serum and 1% 

(v/v) penicillin/streptomycin. HEK293 cells and HSG cells were maintained 

in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% 

(v/v) fetal bovine serum and 1% (v/v) penicillin/streptomycin. The cell line 

was cultured in a humidified atmosphere of 95% air + 5% CO2.  

 

Measurement of intracellular Ca2+ concentrations ([Ca2+]i)  

The fluorescent Ca2+ indicator, fura-2, was used to determine [Ca2+]i 

according to previously reported methods (Choi et al., 2016). Briefly, cell 

suspensions were incubated in Locke’s solution (154 mM NaCl, 5.6 mM KCl, 

10 mM glucose, 2.2 mM CaCl2, 1.2 mM MgCl2, and 5 mM HEPES buffer 

adjusted to pH 7.4) supplemented with 3 �M fura-2/AM for 50 min at 37 oC 

with continuous stirring. Fluorescence ratios were monitored using 340 and 

380 nm dual excitation wavelengths. The ratio of resultant intensities was 
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detected at a 500 nm emission wavelength. Fluorescence ratios were 

converted into [Ca2+]i as described by Grynkiewicz et al.,(1985). 

Extracellular Ca2+-free solution was 200 �M EGTA-containing Ca2+ free 

Locke’s solution (156.2 mM NaCl, 5.6 mM KCl, 1.2 mM MgCl2, 5 mM 

HEPES, 10 mM glucose, adjusted to pH 7.4). Where indicated, 2.5 mM 

CaCl2 was added to monitor subsequent Ca2+ influx. 

 

Statistical analysis 

Data analyses and graphical display were performed with SigmaPlot (Version 

11.0, Systat Software, Germany). All displayed values represent the mean ± 

SEM. Significant differences between groups were determined using 

independent or paired Student’s t-tests or Mann-Whitney U test, and multiple 

comparisons were performed using two-way ANOVA. 
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1.3. Results 

 

Since SOCE requires coordination of several intracellular Ca2+ sensors and 

channels, it is expected that the regulatory mechanism will be different 

depending on the type of Ca2+ sensor and channel involved. By confirming 

the diversity of the SOCE mechanism of these cells, the cell specific SOCE 

inhibitory effect of various drugs can be expected. Characterization and 

comparison of SOCE will provide very important information in predicting 

how SOCE inhibition effects of chlorpromazine identified will appear in 

other cells and in other ways. To this end, I characterized the SOCE in rat 

pheochromocytoma PC12 cells, human embryonic kidney 293 (HEK293) 

cells (Graham et al., 1977), human leukemia T cell line Jurkat-T cells (Gillis 

and Watson, 1980), and human promyelocytoma HL-60 cells (Collins et al., 

1978) as well as HSG cell. These cells are good model systems for testing 

Orai-dependent SOCE because previous literatures have demonstrated that 

these cell lines intrinsically express Orai channels (DeHaven et al., 2009; 

Gwozdz et al., 2012; Dörr et al., 2016; Schaff et al., 2010).  

I tested these cell lines with the SOCE inhibitors 1-{-[3-(4-

methoxyphenyl) propoxy]-4-methoxyphenyl}-1H-imidazole hydrochloride 

(SK&F96365, STIM1 inhibitor), Gd3+ (known to block Orai channels), and 

1-(5-chloronaphthalenesulfonyl) homopiperazine hydrochloride (ML-9, 

known to act on STIM1) (Parekh, 2010; Salmon et al., 2010). 2-

Aminoethyldiphenyl borate (2APB, IP3 receptor antagonist) also acts as a 

SOCE inhibitor, although it dilates Orai1 pore size under specific 

circumstances (Xu et al., 2016). First I analyzed the effect of SOCE 

inhibitors in PC12 cells. I found that ML-9 induced only marginal inhibition 

(Fig. 1-1A) and Gd3+ almost failed to inhibit SOCE in PC12 cells (Fig. 1-1B), 
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in which SOCE was clearly different from Orai-dependent SOCE in other 

cells (Fig. 1-1C). I repeated the same set of experiments in HEK293 cells. I 

confirmed the previous findings that SOCE in HEK293 cells is sensitive to 

ML-9 (Fig. 1-2A) (Martin et al., 2009) and Gd3+ (Fig. 1-2B) (DeHaven et al., 

2009), as well as other SOCE inhibitors (Fig. 1-2C). Moreover, I repeated 

the same experiments with another Orai-dominant cell lines, HL-60 cells 

(Fig. 1-3) and Jurkat T (Fig. 1-4). Not only 2APB and SK&F96365, but also 

Gd3+ and ML-9 successfully inhibited thapsigargin-induced Ca2+ influx in 

Jurkat T and HL-60 cells. The same experiment was reproduced in human 

salivary gland, HSG cells. As a result, the increase of intracellular calcium 

was inhibited by 2APB, SK&F96365 and ML-9, but no inhibitory effect by 

Gd3+ was observed in HSG cells (Fig. 1-5).  
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1.4. Discussion 

 

In this study, I first tested whether the SOCEs in PC12, Jurkat T, HL-60, 

HEK293, and HSG cells were identical and equally sensitive to Orai-mediated 

SOCE inhibitors such as ML-9 and Gd3+. Surprisingly, I found that SOCE in 

PC12 and HSG cells, unlike SOCE in the majority of other cell types, is 

unusually resistant to Gd3+ even at 100 �M, a dose which is much higher than 

the nanomolar-submicromolar concentrations known to block Orai channels. 

These results suggest that SOCE in PC12 cells and HSG cells is distinct from 

typical Orai-dependent SOCE. A recent study reported that SOCE inhibition 

induced by 100 �M Gd3+ was about 80% of that induced by SK&F96365 in 

PC12 cells (Takahashi et al., 2014). PC12 cells express TRPC1-6, and their 

SOCE has been suggested to be mediated mostly by TRPC channels (Heo et 

al., 2012), which are well known to mediate Gd3+-insensitive SOCE 

(DeHaven et al., 2009).  

Actually, it is not surprising that there are variations of SOCE with 

different pharmacological profiles. For example, SOCE in pulmonary artery 

smooth muscle cells shows Gd3+-sensitivity but 2APB-resistance (McElroy et 

al., 2009). The SOCE in endothelial colony-forming cells shows different 

Gd3+-sensitivity according to the SOCE-triggering stimulant such as ATP or 

cyclopiazonic acid (Dragoni et al., 2014). These differences are not fully 

understood but are considered to be due to different distributions of SOCE 

signaling components such as Orai subtype and STIM family. 

Orai inhibition is a possible common toxic mechanism in various cell 

types with Ca2+ signaling. Mutant mice with genetic deletion of Orai1 show 

serious immune dysfunction, tooth malformation, and impaired skin 

homeostasis (Feske et al., 2009; Vandenberghe et al., 2013). Pharmacological 
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agents inhibiting Orai are also reported to show high potential for 

immunotoxicity (Palleschi et al., 2009; Zou et al., 2012; Heo et al., 2015). 

Orai1, the most studied channel for SOCE, is a transmembrane domain 

channel that, when activated by STIM1, forms highly Ca2+ -selective, 

inwardly rectifying Ca2+ currents (ICRAC) (Hogan et al., 2010; , 2009). While 

this current is well known in lympocytes and mast cells, it has not yet been 

measured in salivary ancinar cells. In contrast, a relatively non-selective 

cation current was observed in the salivary gland cell that is more consistent 

with the TRPC channel characteristics (Liu et al., 2007). HSG have been 

shown to express TRPC channels including TRPC1 and TRPC3, contribute to 

SOCE, and affect fluid secretion (Birnbaumer et al., 1996; Montell. 2005; Liu 

et al., 2007; Liu et al., 2000; Kim et al., 2011). These results suggest that 

TRPC may be dominant in the SOCE composition acting on cytosolic Ca2+ 

influx in HSG cells.   
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Figure 1-1. Characterization of thapsigargin-induced [Ca2+]i rise in PC12 

cells. (A-B) Fura-2-loaded PC12 cells were pretreated with inhibitors in the 

extracellular Ca2+–free condition, as indicated, and then stimulated with 1 

�M thapsigargin in the absence of extracellular Ca2+. Ca2+ influx was 

induced by adding 2.2 mM CaCl2 (Ca2+) into the extracellular space: vehicle 

(light gray trace in A and B), 100 �M ML-9 (dark gray trace in A), 10 �M 

GdCl3 (dark gray trace in B), and 20 �M 2APB (black trace in B). All 

inhibitors were pretreated 210 sec prior to thapsigargin treatment. TG, 

thapsigargin. (C) Peak levels of thapsigargin-induced [Ca2+]i influx after 

CaCl2 treatment were quantitatively analyzed and depicted as % of the 

thapsigargin-induced [Ca2+]i rise without inhibitor treatment. SKF, 20 �M 

SK&F96365. Number of experiments are depicted in bar graph. Each point 

shown is the mean � SEM. **P < 0.01; ***P < 0.001, compared to vehicle 

control. 
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Figure 1-2. Characterization of thapsigargin-induced [Ca2+]i rise in HEK293 

cells. (A-B) Fura-2-loaded HEK293 cells were pretreated with the inhibitors 

in the extracellular Ca2+–free condition, as indicated, and then stimulated 

with 1 �M thapsigargin in the absence of extracellular Ca2+. Ca2+ influx was 

induced by adding 2.2 mM CaCl2 (Ca2+) into the extracellular space: vehicle 

(light gray trace in A and B), 100 �M ML-9 (dark gray trace in A), 10 �M 

GdCl3 (dark gray trace in B), and 20 �M 2APB (black trace in B). All 

inhibitors were pretreated 210 sec prior to thapsigargin treatment. TG, 

thapsigargin. (C) Peak levels of thapsigargin-induced [Ca2+]i influx after 

CaCl2 treatment were quantitatively analyzed and depicted as % of the 

thapsigargin-induced [Ca2+]i rise without inhibitor treatment. SKF, 20 �M 

SK&F96365. Number of experiments are depicted in bar graph. Each point 

shown is the mean � SEM. **P < 0.01, compared to vehicle control. 
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Figure 1-3. Characterization of thapsigargin-induced [Ca2+]i rise in HL-60 

cells. (A-B) Fura-2-loaded HL-60 cells were pretreated with the inhibitors in 

the extracellular Ca2+–free condition, as indicated, and then stimulated with 1 

�M thapsigargin in the absence of extracellular Ca2+. Ca2+ influx was 

induced by adding 2.2 mM CaCl2 (Ca2+) into the extracellular space: vehicle 

(light gray trace in A and B), 100 �M ML-9 (dark gray trace in A), 10 �M 

GdCl3 (dark gray trace in B), and 20 �M 2APB (black trace in B). All 

inhibitors were pretreated 210 sec prior to thapsigargin treatment. TG, 

thapsigargin. (C) Peak levels of thapsigargin-induced [Ca2+]i influx after 

CaCl2 treatment were quantitatively analyzed and depicted as % of the 

thapsigargin-induced [Ca2+]i rise without inhibitor treatment. SKF, 20 �M 

SK&F96365. Number of experiments are depicted in bar graph. Each point 

shown is the mean � SEM. ***P < 0.001, compared to vehicle control. 
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Figure 1-4. Characterization of thapsigargin-induced [Ca2+]i rise in Jurkat T 

cells. (A-B) Fura-2-loaded Jurkat T cells were pretreated with the inhibitors 

in the extracellular Ca2+–free condition, as indicated, and then stimulated 

with 1 �M thapsigargin in the absence of extracellular Ca2+. Ca2+ influx was 

induced by adding 2.2 mM CaCl2 (Ca2+) into the extracellular space: vehicle 

(light gray trace in A and B), 100 �M ML-9 (dark gray trace in A), 10 �M 

GdCl3 (dark gray trace in B), and 20 �M 2APB (black trace in B). All 

inhibitors were pretreated 210 sec prior to thapsigargin treatment. TG, 

thapsigargin. (C) Peak levels of thapsigargin-induced [Ca2+]i influx after 

CaCl2 treatment were quantitatively analyzed and depicted as % of the 

thapsigargin-induced [Ca2+]i rise without inhibitor treatment. SKF, 20 �M 

SK&F96365. Number of experiments are depicted in bar graph. Each point 

shown is the mean � SEM. ***P < 0.001, compared to vehicle control. 
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Figure 1-5. Characterization of thapsigargin-induced [Ca2+]i rise in HSG 

cells. (A-B) Fura-2-loaded HSG cells were pretreated with the inhibitors in 

the extracellular Ca2+–free condition, as indicated, and then stimulated with 1 

�M thapsigargin in the absence of extracellular Ca2+. Ca2+ influx was 

induced by adding 2.2 mM CaCl2 (Ca2+) into the extracellular space: vehicle 

(light gray trace in A and B), 100 �M ML-9 (dark gray trace in A), 10 �M 

GdCl3 (dark gray trace in B), and 20 �M 2APB (black trace in B). All 

inhibitors were pretreated 210 sec prior to thapsigargin treatment.. TG, 

thapsigargin. (C) Peak levels of thapsigargin-induced [Ca2+]i influx after 

CaCl2 treatment were quantitatively analyzed and depicted as % of the 

thapsigargin-induced [Ca2+]i rise without inhibitor treatment. SKF, 20 �M 

SK&F96365. Number of experiments are depicted in bar graph. Each point 

shown is the mean � SEM. ***P < 0.001, compared to vehicle control. 
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CHAPTER II 

 

ZnR/GPR39 signaling-mediated salivary secretion 
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2.1. Introduction 

 

Zn2+ is a divalent cation that acts as a cofactor of various enzymes (Vallee and 

Falchuk, 1993). Zn2+, which binds to many proteins and regulates their 

function, plays an important physiological role in many cells including 

neurons (Sensi et al., 2011; Sekler and Silverman, 2012). Since Zn2+ acts like 

a second messenger and releases into the extracellular space by cell death, the 

cells have Zn transporters to utilize Zn2+ (Sekler et al., 2007). Extracellular 

Zn2+ modulates cellular activity by regulating channels such as the NMDA 

receptor, GABA receptor, and purinoceptor (Peralta and Huidobro-Toro, 

2016). In addition, Zn2+ can also act by G-protein coupled receptors that 

selectively recognize Zn2+. Metabotropic Zn receptors, also known as GPR39, 

are present in hippocampal neurons, keratinocytes, colon epithelial cells, and 

pancreatic cells (Hershfinkel, 2018). ZnR / GPR39 activates phospholipase C 

as a Gq-coupled receptor and induces cytosolic Ca2+ signaling by forming 

intracellular IP3 (Hershfinkel et al., 2001). 

As I reviewed in the previous chapter, intracellular calcium is a major 

factor controlling salivation in salivary glands (Ambudkar, 2016). 

Acetylcholine secreted from parasympathetic neurons acts on the muscarinic 

receptors of salivary gland membranes to induce a salivary secretion by 

inducing phospholipase C-dependent cytosolic Ca2+ increase (Proctor, 2016). 

Muscarinic receptors, as well as histamine receptors in salivary glands, induce 

intracellular calcium and salivary secretion in a Gq-coupled receptor- and 

phospholipase C-dependent manner (Kim et al., 2009). Therefore, the Gq 

coupled receptor present in the salivary gland may be an important salivary 

control factor. 
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Interestingly, it was found that ZnR/GPR39 is expressed in HSY cells, a 

human submandibular ductal cell line, leading to a Zn2+ -induced Ca2+ 

increase (Sharir and Hershfinkel, 2005). In addition, the interaction of ZnR 

with another G-protein-coupled receptor, CaSR, has also been identified 

(Asraf et al., 2014). However, the mechanism of salivary secretion by Zn2+ 

and ZnR/GPR39 has not been elucidated, although it is clear that salivary Ca2+ 

signaling is associated with salivation. Since ZnCl2 is commonly used to 

remove bad breath (Kang et al., 2017; Suzuki et al., 2018), it is a very 

interesting attempt to determine the mechanism of Zn secretion regulation. 

In this study, I investigated the expression of ZnR in human 

submandibular gland cells, and investigated the mechanism of intracellular 

uptake and the effect of Zn2+ on salivary secretion by examining the 

aquaporin-5 translocation by Zn2+. 
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2.2. Materials and Methods 

 

Materials   

Zinc, Carbachol, histamine and sulfinpyrazone were purchased from Sigma 

(St. Louis, MO, USA). Pirenzepine, Chlorpheniramine, U73122 and 2APB 

were obtained from Tocris (Bristol, UK). Thapsigargin was purchased from 

Alomone Labs (Jerusalem, Israel). Fura-2/acetoxymethylester (Fura-2/AM) 

was obtained from Molecular Probes (Eugene, OR, USA). Fetal bovine 

serum, modified Eagle’s Medium, and penicillin/streptomycin were 

purchased from Gibco (Grand Island, NY, USA). Myc tagged AQP5 

construct was purchased from Origene (Rockville, MD, USA).  

 

Cell culture 

HSG cells were maintained in Dulbecco’s modified Eagle’s medium 

(DMEM) supplemented with 10% heat-inactivated fetal bovine serum and 1% 

penicillin/streptomycin. The cell line was cultured in a humidified 

atmosphere of 95% air + 5% CO2. The culture medium was changed every 

day, and the cell lines were subcultured every 3 day.  

 

Measurement of intracellular Ca2+ concentrations ([Ca2+]i)  

The fluorescent Ca2+ indicator, fura-2, was used to determine [Ca2+]i 

according to previously reported methods (Choi et al., 2016). Briefly, cell 

suspensions were incubated in Locke’s solution (154 mM NaCl, 5.6 mM KCl, 

5.6 mM glucose, 2 mM CaCl2, 2 mM MgCl2, and 5 mM HEPES buffer 

adjusted to pH 7.4) supplemented with 3 �M fura-2/AM for 50 min at 37 oC 

with continuous stirring. Fluorescence ratios were monitored using 340 and 

380 nm dual excitation wavelengths. The ratio of resultant intensities was 
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detected at a 500 nm emission wavelength. Extracellular Ca2+-free solution 

was 200 �M EGTA-containing Ca2+ free Locke’s solution (156.2 mM NaCl, 

5.6 mM KCl, 1.2 mM MgCl2, 5 mM HEPES, 10 mM glucose, adjusted to pH 

7.4). Where indicated, 2.5 mM CaCl2 was added to monitor subsequent Ca2+ 

influx. 

 

Immunofluorescent staining  

HSG cells were fixed (4% paraformaldehyde), permeabilized (0.5% Triton X-

100) for 10 min at 20–25°C, and then incubated for 1 hr in blocking solution 

(1% bovine serum albumin). Primary antibodies were challenged for 

overnight (at 4 °C), and then incubated with secondary antibodies for 1 hr (at 

room temperature). The following primary antibodies were used: NLS142 

(NOVUS) for anti-human GPR39, 2276 (Cell Signaling) for anti-Myc and 

sc9891 (Santa cruz Biotechnology) for anti-AQP5 channels. Secondary 

antibody incubations were carried out for 1 h at room temperature using Cy3-

conjugated goat anti-rabbit IgG (1:500; Invitrogen, Carlsbad, CA, USA) 

antibodies.  

 

Cell Transfection and Quantification of Surface AQP5 channels 

Cells were transfected using Lipofectamine 2000 (Invitrogen), according to 

the manufacturer’s instructions. For fluorescence-based measurements of cell-

surface AQP5, HSG cells transfected with pCMV6-AQP5-Myc construct 

were incubated for 16 hrs. Cells were fixed in PBS containing 4% 

formaldehyde and stained for surface AQP5 population using goat anti-AQP5 

antibody (1:100, Santa Cruz) in PBS under non-permeable condition for 

overnight at 4 Cells were washed three times with PBS and subsequently, 

cells were permeabilized in PBS containing 0.5% Triton X-100 for 10 min 
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and stained for total Myc-AQP5 population using mouse anti-Myc antibody 

(1:100, Cell Signaling) for 1 hr at room temperature and then a Cy3-

conjugated anti-goat secondary and Axea488-conjugated anti-mouse 

secondary antibody (1:500, Jackson ImmunoResearch Laboratories) for 30 

min. Images were acquired with a LSM 700 laser-scanning confocal 

microscope (Carl Zeiss) using C-Apo 40 × 1.20 W objective lens. Cells were 

outlined, and mean fluorescence intensities measured for each channel using 

the ZEN imaging software (Carl Zeiss). For quantification of surface AQP5-

Myc levels, the fluorescence intensity of surface AQP5 (red) was divided by 

total AQP5 (green) fluorescence intensity. The ratios of surface-to-total AQP5 

fluorescence intensities were compared between vehicle-treated controls 

. 

Cell surface biotinylation  

Biotinylation assays were performed using HSG cells transfected with 

pCMV6-AQP5-Myc construct. Cells were stimulated with 100 μM Zn (30 

minutes at 37 °C) in Locke’s solution. To biotinylate the cell surface proteins, 

cells were labeled with 1.5 mg/ml sulfo-NHS-SS-biotin (Thermo Scientific, 

21331) at 4 °C for 20 minutes. Following biotin labeling HSG cells were 

washed with respective buffer containing 100 mM glycine, and lysed with 

RIPA buffer. The lysates were then centrifuged at 14,000x g for 15 min at 

4 °C and supernatant was collected. Protein concentrations were determined 

using the BCA Protein Assay Kit (Thermo Scientific, 23225) and biotinylated 

proteins were pulled down by incubating with NeutrAvidin agarose resins 

(Thermo Scientific, 29200) for overnight at 4 °C with an end to end rotation. 

The beads were then washed and the bound proteins were eluted by boiling in 

SDS dye. The eluted material was analyzed by western blotting. 
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Statistical analysis 

Data analyses and graphical display were performed with SigmaPlot (Version 

11.0, Systat Software, Germany). All displayed values represent the mean ± 

SEM. Significant differences between groups were determined using 

independent or paired Student’s t-tests or Mann-Whitney U test, and multiple 

comparisons were performed using two-way ANOVA. 
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2.3. Results 

 

2.3.1. Zn2+ increases intracellular Ca2+ level in HSG cells.   

I wanted to investigate the function of Zn2+ in regulating intracellular calcium 

signaling. Zn2+ triggers the intracellular calcium of Fura-2-loaded HSG cells 

in a concentration-dependent manner (Fig. 2-1). This means that Zn2+ can 

regulate the intracellular calcium of the human salivary gland by itself. So, I 

wanted to know what kind of GPCR is involved in this signaling. Previous 

studies have shown that ZnR/GPR39 is present in HSY cells by ZnR and that 

Zn increases calcium (Sharir and Hershfinkel, 2005). However, it is not 

known at all what pathway the Zn controls the function of the salivary gland 

cell.  

 

2.3.2. Zinc inhibits following M3 or H1 signaling in a concentration 

dependent manner. 

I confirmed the expression of ZnR in HSG cells (Fig. 2-2). Since it is known 

that ZnR can regulate the activity of other GPCRs such as CaSR, I 

investigated whether Zn2+ affects muscarinic receptor or histamine receptor-

dependent Ca2+ signaling. Interestingly, pretreatment of Zn2+ inhibited 

muscarinic-induced Ca2+ signaling, confirming that it acts in a concentration-

dependent manner (Fig. 2-3A & B). Similar inhibitory effects were observed 

in histamine-induced Ca2+ signaling (Fig. 2-3C & D). These inhibitory effects 

of other GPCR-mediated Ca2+ signaling by Zn2+ can occur at the receptor level 

or downstream. 

 

2.3.3. Muscarinic antagonist and histamine antagonist fail to block Zn-

induced Ca2+ signaling. 
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It was found that the intracellular calcium level by muscarinic receptor and 

histamine receptor were inhibited by Zn2+, whereas Zn2+ itself separately 

increase [Ca2+]i level. To confirm inhibition at the receptor level, I tested 

whether muscarinic antagonists affect Zn-induced Ca2+ signaling. 

Pretreatment of muscarinic receptor antagonist, pirenzepine, strongly 

inhibited intracellular calcium increase by carbachol, whereas it failed to 

affect Zn-mediated increase in intracellular calcium (Fig. 2-4), implying that 

Zn-induced [Ca2+]i shows muscarinic receptor-independent manner. Similarly, 

pretreatment of the histamine receptor antagonist, chlorphenamine, strongly 

inhibited the increase of intracellular calcium by histamine, but the response 

to Zn2+ was not affected (Fig. 2-5). These results suggest that the increase in 

intracellular calcium via Zn2+ was completely distinct from the muscarinic & 

histamine signal, confirming that it was mediated by another GPCR (possibly 

ZnR/GPR39). 

 

2.3.4. The PLC-β-linked Zn receptor shares its Ca2+ signaling with 

muscarinic and histamine receptors in HSG cells. 

I investigated whether the inhibitory effect of Zn on other GPCR-mediated 

[Ca2+]i was derived from the downstream PLC pathway. The PLC-β blocker, 

U73122, not only completely inhibited muscarinic or histamine-mediated Ca2+ 

signaling (Fig. 2-6), but also inhibited Zn-mediated Ca2+ signaling (Fig. 2-7). 

The results imply the heterologous desensitization, the reduced signal 

transduction of a particular receptor by other neurotransmitters sharing the 

same downstream signaling pathway.  Muscarinic receptors and histamine 

receptors in salivary glands are known to induce increased intracellular 

calcium and salivary secretion in a Gq-coupled receptor- and phospholipase 

C-dependent manner. Therefore, it was confirmed that when the carbachol and 
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histamine were treated at different time intervals, they also showed a 

heterologous desensitization manner (Fig. 2-9). To test the heterologous 

desensitization between Zn and carbachol, treatment with 300 μM carbachol 

after pretreatment with 30 μM ZnSO4 significantly reduced carbachol-

mediated intracellular Ca2+ increase (Fig. 2-8A). The results were similar even 

if the order was reversed (Fig. 2-8B). In addition, the increase in intracellular 

calcium via 100 μM histamine was inhibited by pretreatment of Zn2+, and the 

reverse order also shows the same result (Fig. 2-8C & D). As a result, 

intracellular calcium signaling by Zn shares a downstream PLC-β with a 

salivary GPCR such as muscarnic and histamine receptor in HSG cells. 

 

2.3.5. Zn2+ shows the modulation on SOCE. 

It is reported that SOCE is activated when the calcium in ER is depleted due 

to PLC-dependent increase of IP3. I tested whether the increase of intracellular 

Ca2+ by Zn to be related to SOCE. It was found that the intracellular calcium 

by Zn was remarkably decreased by 2-Aminoethyldiphenyl borate (2-APB) 

treatment, SOCE inhibitor (Fig. 2-7). Therefore, the increase of Zn-induced 

[Ca2+]i is achieved through SOCE. 

In the previous results, I confirmed that heterologous desensitization 

between muscarinic and/or histamine and metabotropic Zn receptor. I tried to 

examine whether these effects were related to SOCE regulation. The increase 

in intracellular Ca2+ concentration through pretreatment of Zn2+ did not show 

a large change when Zn2+ was low (1 ~ 10 μM), whereas Zn2+ inhibited SOCE 

in high concentration (30 μM ~) (Fig. 2-10A & B). In addition, SOCE 

inhibition was observed (Fig. 2-10C, D) even after pretreatment or post-

treatment of Zn2+ with free extracellular Ca2+. This means that Zn2+ modulates 

various processes in the regulation of intracellular Ca2+ levels. 
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2.3.6. Zn2+ itself increases surface expression of aquaporin-5 in the plasma 

membrane. 

In salivary gland cells, intracellular calcium increase via a variety of 

mechanisms ultimately triggers the translocation of AQP5, the water channel, 

causing water secretion. To investigate whether intracellular calcium increase 

via Zn2+ regulates salivation, I confirmed the change of the surface-to-total 

AQP5 ratio after Zn treatment.  

After 30 minutes of 100 μM Zn pretreatment, HSG cells were fixed and 

anti-AQP5 was binding to the cell surface-AQP5. After washing several times, 

the cells were permeabilized with PBT and bound to total AQP5 in the whole 

cell area with another antibody. As a result, the surface-to-total AQP5 ratio 

was significantly increased after Zn treatment (Fig. 2-11A, B). In addition, I 

tried to test the Zn2+-induced aquaporin-5 translocation with surface protein-

labeling method with biotin. I could confirm that Zn successfully increase the 

biotinylated aquaporin-5 level in the plasma membrane (Fig. 2-11C). The 

results strongly suggest the cellular mechanism for Zn-induced salivary 

secretion.   

 

  



39 

 

2.4. Discussion 

 

I have shown that Zn2+ activates ZnR/GPR39 expressed in human salivary 

gland cells, thereby increasing intracellular calcium and inducing 

translocation of aquaporin-5. Although ZnR/GPR39 has been shown to be 

expressed in the HSY cell line and many studies have been conducted on the 

inhibitory potential for halitosis with Zn2+, it was not clear whether salivary 

ZnR/GPR39 is associated with salivation. In this chapter, I have shown that 

Zn2+ induces phospholipase C dependent Ca2+ signaling via the ZnR/GPR39 

receptor, which is completely independent of the histaminergic receptor and 

muscarinic receptors that induce the dominant salivary secretion. I also found 

that the membrane surface expression of aquaporin-5 was increased by 

ZnR/GPR39, providing strong cellular and molecular evidence that it would 

be involved in the mechanism of salivation by Ca2+. My study suggests a new 

mechanism of action of Zn2+ prescribing for halitosis and at the same time re-

examines the therapeutic potential of Zn2+ for xerostomia and its related oral 

disease. In particular, the applicability to Sjogren's syndrome-mediated 

xerostomia is noteworthy. Secretory dysfunction in primary Sjogren's 

syndrome has been suggested as an autoantibody to muscarinic receptors 

(Kim et al., 2015; Namkoong et al., 2017). ZnR/GPR39 induces salivary 

secretion independent of muscarinic signaling and may be a therapeutic 

alternative to xerostomia due to Sjogren's syndrome. 
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Figure 2-1. Zn-induced changes in intracellular Ca2+ concentration in human 

submandibular gland cells. (A-C) Fura-2-loaded HSG cells were challenged 

with Zn at various concentrations (1, 10, 100 µM), and then monitored for 

changes in the fluorescence ratio of F340/F380 as cytosolic [Ca2+] level. (D) 

Quantification of intracellular Ca2+ level was normalized to the level of the 

group with 100 μM Zn treatment (saturation concentration).   
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Figure 2-2. ZnR/GPR39 is expressed in HSG cells. (A) Confocal images of 

HSG cells stained with anti-ZnR (red) and Hoechst (blue). Scale bar: 5 m. 

(B) RNA extracted from HSG cells was reverse transcribed into cDNA and 

amplification reactions were performed using GPR39-specific primers. 

Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as an 

internal loading control.  
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Figure 2-3. Zinc pretreatment inhibits carbachol & histamine-mediated 

increases in intracellular calcium levels by concentration-dependent manners. 

(A&C) Fura-2-loaded HSG cells were pretreated with Zn at various 

concentrations (100 µM, red; 10 µM, pink; vehicle, black), stimulated with 

300 μM carbachol (A) or 100 μM histamine (C), and the change in 

fluorescence ratio of F340 / F380 was monitored at [Ca2+]i level. (B&D) 

Quantification of zinc inhibition on intracellular calcium levels mediated by 

carbachol (B) or histamine (D) was normalized to vehicle groups.  
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Figure 2-4. The PLC-β-linked Zn signal does not share its Ca2+ signaling with 

muscarinic receptors in HSG cells. (A) Fura-2-loaded HSG cells were treated 

with 300 µM carbachol with (light gray) or without (black) the pre-incubated 

1 µM pirenzepine. (B) HSG cells were treated with 30 µM Zn carbachol with 

(pink) or without (red) the pre-incubated 1 µM pirenzepine. (C) 

Quantification of pirenzepine inhibition on intracellular calcium levels 

mediated by carbachol or zinc was normalized to vehicle groups.  
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Figure 2-5. The PLC-β-linked Zn signal does not share its Ca2+ signaling with 

histamine receptors in HSG cells. (A) Fura-2-loaded HSG cells were treated 

with 100 µM histamine with (light gray) or without (black) the pre-incubated 

3 µM chlorphenamine. (B) HSG cells were treated with 30 µM Zn carbachol 

with (pink) or without (red) the pre-incubated 3 µM chlorphenamine. (C) 

Quantification of chlorphenamine inhibition on intracellular calcium levels 

mediated by histamine or zinc was normalized to vehicle groups.  
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Figure 2-6. The intracellular calcium level regulations of carbachol and 

histamine are dependent on PLC-β in HSG cells. (A) Fura-2-loaded HSG cells 

were treated with 300 µM carbachol with (U73122, light blue; 2APB, blue) or 

without (black) the pre-incubated 3 µM U73122 or 20 µM 2APB. (B) 

Quantification of the inhibitory effect of U73122 or 2APB on muscarinic-

induced intracellular calcium increase. (C) Fura-2-loaded HSG cells were 

treated with 100 µM histamine with (U73122, green; 2APB, light green) or 

without (black) the pre-incubated 3 µM U73122 or 20 µM 2APB. (D) 

Quantification of the inhibitory effect of U73122 or 2APB on histamine-

mediated intracellular calcium increase. 
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Figure 2-7. The intracellular calcium level regulation of zinc is dependent on 

PLC-β in HSG cells. (A) Fura-2-loaded HSG cells were treated with 30 µM 

Zn with (U73122, orage; 2APB, light orage) or without (black) the pre-

incubated 3 µM U73122 or 20 µM 2APB. (B) Quantification of the inhibitory 

effect of U73122 or 2APB on Zn-induced intracellular calcium increase. 
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Figure 2-8. Zn exhibits heterologous desensitization with muscarinic and 

histamine receptors. (A-B) Fura-2 loaded HSG cells were treated with 30 µM 

Zn and 300 µM carbacohol in order and their traces of the fluorescence ratio 

of F340/F380 were monitored. Pretreatment of Zn made the inhibition of 

intracellular Ca2+ level triggered with carbachol and the results are similar in 

reverse order. (C-D) Fura-2 loaded HSG cells were treated with 30 µM Zn 

and 100 µM histamine in order and their traces of the fluorescence ratio of 

F340/F380 were monitored. Pretreatment of Zn made the inhibition of 

intracellular Ca2+ level triggered with histamine and the results are similar in 

reverse order. 
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Figure 2-9. Muscarinic receptor activation exhibits heterologous 

desensitization with histamine receptors. (A-B) Fura-2 loaded HSG cells were 

treated with 300 µM carbachol and 100 µM histamine in order and their traces 

of the fluorescence ratio of F340/F380 were monitored. Pretreatment of 

Carbachol made the inhibition of intracellular Ca2+ level triggered with 

histamine and the results are similar in reverse order.  
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Figure 2-10. Zn inhibits thapsigargin-induced [Ca2+]i rise in HSG cells. (A-B) 

Fura-2-loaded HSG cells were treated with 1 µM thapsigargin with or without 

the pre-incubated Zn at various concentrations (100 µM, red; 10 µM, pink; 

vehicle, black). (C-D) Fura-2-loaded HSG cells were pretreated with Zn with 

various concentration (100 µM, red; 10 µM, pink; vehicle, black) in the 

extracellular Ca2+-free condition, as indicated, and then stimulated with 1 µM 

thapsigargin in the absence of extracellular Ca2+. Ca2+ influx was induced by 

adding 2.5 mM CaCl2 (Ca2+) into the extracellular space. (C) (D), the order of 

zinc and TG was changed  
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Figure 2-11. Zn2+ successfully increases the surface aquaporin-5 level of the 

plasma membrane in HSG cells. (A-C) AQP5-Myc transfected HSG cells 

were treated with Zn2+ and membrane translocation of AQP5 was confirmed. 

(A) Confocal images of transfected HSG cells stained with total-AQP5 (green) 

and surface-AQP5 (red). Scale bar: 5 m. (B) Quantification of surface-to-

total Myc-AQP5 ratio. Values are presented as percentages of vehicle. (C) 

HSG cells were used for steady-stated biotinylation of surface Myc tagged 

AQP5 channel. Input (50 %) of total lysate are shown on the bottom, and the 

biotinylated surface BK channels are shown above it. Each point shown is the 

mean � SEM. ***P < 0.001, compared to vehicle control. 
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CHAPTER III 

 

Chlorpromazine inhibits muscarinic  

and histamine receptor signaling  

in salivary gland cells. 
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3.1. Introduction 

 

Salivary glands are exocrine glands of the oral cavity that secrete saliva and 

perform important functions. When saliva secretion problems occur, various 

oral diseases are induced (Pedersen et al., 2018). There are several factors that 

may reduce the saliva secretion, such as autoimmune diseases such as 

Sjogren's syndrome, and the death of salivary cells caused by irradiation. One 

of the important factors is extrinsic medicine (Proctor, 2016; Bhattarai et al., 

2018). It has been known that various drugs such as antihistamine, anticholine, 

and diuretics have been shown to decrease saliva secretion, and their 

functional groups have been found in many aspects (Villa et al., 2016; Wolff 

et al., 2017; 2018). 

Many neurological and psychiatric drugs cause xerostomia (Cockburn et 

al., 2017). These are clinically more important because they are prescribed 

chronically and cause prolonged xerostomia. One of the drugs causing severe 

xerostomia is chlorpromazine (Conley et al., 1998). Chlorpromazine is an 

antipsychotics drug mainly prescribed for schizophrenia (Rosenbloom, 2002). 

Since the 1950s, chlorpromazine has been widely used for the treatment of 

psychosis and manic syndrome. It has been prescribed for the reduction of 

positive symptom in schizophrenia patients including hallucination and 

delusion. Chlorpromazine acts mainly as a dopamine D2 receptor inhibitor, 

similar to other neuroleptics (Kapur and Mamo, 2003; Carpenter and Koenig, 

2008). However, there is no clear molecular mechanism for how 

chlorpromazine inhibits secretory function in salivary glands. It is assumed 

that D2 receptor hypothesis is not suitable to explain xerostomia of 

chlorpromazine because the function of dopamine receptor is not known in 

salivary gland. 
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As I reviewed in the previous chapter, salivary secretion is precisely 

regulated by the action of neurotransmitters under the control of neurons, in 

which intracellular calcium signaling is important (Ambudkar, 2016). 

Significant calcium signals in salivary gland cells, which are non-excitable 

cells, are signaled by GPCRs. Parasympathetic modulation, the most 

important regulator of salivary secretion, is ultimately due to the activation of 

muscarinic receptors and the resulting increase in intracellular calcium 

(Proctor, 2016). Therefore, it is worthy to investigate the effect of 

chlorpromazine on the calcium regulation in salivary gland cells. 

In this chapter, I have studied how chlorpromazine regulates intracellular 

calcium signaling in salivary glands. I found that chlorpromazine inhibits 

carbachol- and histamine-induced Ca2+ signaling, and also inhibits 

thapsigargin-mediated [Ca2+]i increase. I would like to report that 

chlorpromazine inhibits SOCE as well. 
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3.2. Materials and Methods 

 

 

Materials   

Carbachol, histamine and sulfinpyrazone were purchased from Sigma (St. 

Louis, MO, USA). Chlorpromazine and SK&F96365 were obtained from 

Tocris (Bristol, UK). Thapsigargin was purchased from Alomone Labs 

(Jerusalem, Israel). Fura-2/acetoxymethylester (Fura-2/AM) was obtained 

from Molecular Probes (Eugene, OR, USA). Fetal bovine serum, modified 

Eagle’s Medium, and penicillin/streptomycin were purchased from Gibco 

(Grand Island, NY, USA). Myc tagged AQP5 construct was purchased from 

Origene (Rockville, MD, USA).  

 

Cell culture 

HSG cells were maintained in Dulbecco’s modified Eagle’s medium 

(DMEM) supplemented with 10% heat-inactivated fetal bovine serum and 1% 

penicillin/streptomycin. The cell line was cultured in a humidified 

atmosphere of 95% air + 5% CO2. The culture medium was changed every 

day, and the cell lines were subcultured every 3 day.  

 

Measurement of saliva flow rates 

To measure stimulated flow rates of saliva, total saliva of an anesthetized 10 

week-old BL6 mouse was collected. Individual mice were weighed and given 

an i.p. injection of 10 mg /kg chlorpromazine plus 300 µg/kg pilocarpine. 

Saliva was collected for 10 min from the oral cavity of individual mice using 

a micropipette starting 1 min after injection of the secretagogue. The volume 

of each saliva sample was measured.  
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Measurement of intracellular Ca2+ concentrations ([Ca2+]i)  

The fluorescent Ca2+ indicator, fura-2, was used to determine [Ca2+]i 

according to previously reported methods (Choi et al., 2016). Briefly, cell 

suspensions were incubated in Locke’s solution (154 mM NaCl, 5.6 mM KCl, 

10 mM glucose, 2.2 mM CaCl2, 1.2 mM MgCl2, and 5 mM HEPES buffer 

adjusted to pH 7.4) supplemented with 3 �M fura-2/AM for 50 min at 37 oC 

with continuous stirring. Fluorescence ratios were monitored using 340 and 

380 nm dual excitation wavelengths. The ratio of resultant intensities was 

detected at a 500 nm emission wavelength. Fluorescence ratios were 

converted into [Ca2+]i as described by Grynkiewicz et al.,(1985). 

Extracellular Ca2+-free solution was 200 �M EGTA-containing Ca2+ free 

Locke’s solution (156.2 mM NaCl, 5.6 mM KCl, 1.2 mM MgCl2, 5 mM 

HEPES, 10 mM glucose, adjusted to pH 7.4). Where indicated, 2.5 mM 

CaCl2 was added to monitor subsequent Ca2+ influx. 

 

Cell Transfection and Cell surface biotinylation  

Cells were transfected using Lipofectamine 2000 (Invitrogen), according to 

the manufacturer’s instructions. HSG cells were transfected with pCMV6-

AQP5-Myc construct and stimulated with 100 μM Zn (30 minutes at 37 °C) in 

Locke’s solution. To biotinylate the cell surface proteins, cells were labeled 

with 1.5 mg/ml sulfo-NHS-SS-biotin (Thermo Scientific, 21331) at 4 °C for 

20 minutes. Following biotin labeling HSG cells were washed with respective 

buffer containing 100 mM glycine, and lysed with RIPA buffer. The lysates 

were then centrifuged at 14,000x g for 15 min at 4 °C and supernatant was 

collected. Protein concentrations were determined using the BCA Protein 

Assay Kit (Thermo Scientific, 23225) and biotinylated proteins were pulled 

down by incubating with NeutrAvidin agarose resins (Thermo Scientific, 
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29200) for overnight at 4 °C with an end to end rotation. The beads were then 

washed and the bound proteins were eluted by boiling in SDS dye. The eluted 

material was analyzed by western blotting. 

 

Statistical analysis 

Data analyses and graphical display were performed with SigmaPlot (Version 

11.0, Systat Software, Germany). All displayed values represent the mean ± 

SEM. Significant differences between groups were determined using 

independent or paired Student’s t-tests or Mann-Whitney U test, and multiple 

comparisons were performed using two-way ANOVA.  
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3. 3. Results 

 

3.3.1. Chlorpromazine decreased muscarinic-induced saliva secretion.  

To determine whether chlorpromazine actually affects saliva secretion, I used 

a mouse model to monitor the salivation. A similar amount of saliva secretion 

occurred (P = 0.58) regardless of treatment with chlorpromazine in the 

absence of stimulation. However, treatment with pilocarpine, a muscarnic 

receptor agonist used for the treatment of glaucoma, dramatically increased 

saliva secretion. Interestingly, chlorpromazine treatment significantly reduced 

secretion (Fig. 3-1). The results mean that chlorpromazine, which induces 

xerostomia, inhibits muscarinic signaling. 

 

3.3.2. Chlorpromazine inhibits muscarinic and histamine-induced [Ca2+]i 

increases in human salivary gland HSG cells. 

Human salivary gland, a non-excitatory cell, is known to regulate saliva 

secretion through intracellular calcium regulation via several GPCRs. I used 

Fura-2AM loaded HSG cells to determine whether chlorpromazine affects 

intracellular calcium changes. Similar to Fig. 3-1, pretreatment with 

chlorpromazine inhibited carbachol-induced increase in intracellular calcium 

(Fig. 3-2A). It shows a concentration-dependent manner, with a range of 30 

nM to 10 μM (Fig. 3-2B). These inhibitory effects were also found in 

histamine receptors as well as muscarinic receptors (Fig. 3-2C & D). 

Chlorpromazine inhibits histamine-induced [Ca2+]i increase more strongly that 

the muscarinic inhibition (Fig. 3-2B, D). As a result, chlorpromazine inhibits 

all of the intracellular calcium increases via the muscarinic and histamine 

receptors, the major GPCRs of HSG cells. 
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3.3.3. Chlorpromazine inhibits thapsigargin-induced [Ca2+]i in HSG cells. 

In HSG cells, it is well known that store-operated Ca2+ entry (SOCE) is 

activated by calcium depletion in intracellular stores, ER, after the activation 

of GPCR. After pretreatment of chlorpromazine and SOCE inhibitors in 

extracellular Ca2+ free condition, 1 μM of thapsigargin was treated to induce 

calcium depletion of ER, activating SOCE of cells and adding calcium. [Ca2+]i 

was blocked by pretreatments of chlorpromazine or 1-{-[3-(4-methoxyphenyl) 

propoxy]- 4methoxyphenyl}-1H-imidazole hydrochloride (SK&F96365) as a 

SOCE inhibitor (Fig. 3-3). It was also confirmed that the inhibitory effect of 

chlorpromazine on this SOCE-mediated [Ca2+]i acts in a concentration-

dependent manner (Fig. 3-4). As a result, chlorpromazine inhibits intracellular 

calcium through SOCE. 

 

3.3.4. Chlorpromazine inhibits both Ca2+ release from ER and Ca2+ influx 

via SOCE in HSG cells.  

I have identified intracellular Ca2+ release and Ca2+ influx by chlorpromazine 

in order to refine at what stage chlorpromazine-mediated inhibition of 

muscarinic-induced intracellular calcium increases. After pretreatment of 

chlorpromazine in extracellular Ca2+ free condition, carbachol was treated to 

activate muscarinic receptors and calcium was added. As a result, the Ca2+ 

release from ER activated by muscarnic signal was inhibited in 30 nM 

chlorpromazine and completely suppressed in 1 μM chlorpromazine (Fig. 3-

5A-C). On the other hand, the extracellular Ca2+ influx through SOCE was 

inhibited at a relatively higher level compared to Ca2+ release (Fig. 3-5). This 

indicates that chlorpromazine inhibits muscarinic receptor-mediated calcium 

signal through various inhibitory sites such as ER and SOCE.  
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3.3.5. Chlorpromazine inhibits charbachol- and histamine-induced 

aquaporin-5 translocation to plasma membrane. 

To test whether chlorpromazine inhibits salivation in vitro model, I tried to 

test the effect of chlorpromazine on the carbachol- or histamine-induced 

aquaporin-5 translocation with biotinylation experiments of surface proteins. 

Notably, chlorpromazine successfully inhibited the both carbachol- and 

histamine-induced increase in biotinylated aquaporin-5 level in the plasma 

membrane (Fig. 3-6), suggesting the mechanism for the xerogenic effect of 

chlorpromazine.   
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3.4. Discussion 

 

In this chapter, I found that chlorpromazine inhibits the increase of 

intracellular calcium by muscarinic receptor and histamine receptor, not 

dopaminergic D2 receptor in salivary gland cells. Also I found that 

chlorpromazine inhibited thapsigargin-induced store-operated Ca2+ entry and 

Ca2+ release from ER. These results suggest that chlorpromazine has various 

inhibitory action points over at least ER and SOCE. 

Chlorpromazine has been known to have a variety of target sites in 

addition to dopaminergic receptors due to its tricyclic chemical structure. 

Chlorpromazine has been known to suppress many other channels and 

receptors such as hERG in addition to the dopamine receptor (Arias, 1997; 

Welch and Chue, 2000). Chlorpromazine has also been reported to inhibit 

SOCE in PC12 (Choi et al., 2001). Recently, however, I have found that the 

SOCE of PC12 is different from the SOCE of other non-excitable cells. 

Therefore, it is important to investigate the SOCE characteristics of salivary 

gland cells and how chlorpromazine controls salivary SOCE. 

Recently, SOCE is one of the most important mechanisms in GPCR-Ca2+ 

signaling. It remains to be seen how they function. Orai1 KO has several 

defects including immunodeficiency according to the Feske group’s 

pioneering works (Feske, 2007). Since SOCE is a key signaling mechanism of 

salivary GPCRs including muscarinic receptors, it is very important as a 

modulator of salivary function. I believe that my study will be helpful for 

understanding the mechanism of xerostomia in the future because there are 

many substances that show modulating effect on SOCE.  
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Figure 3-1. Decreased muscarinic-induced saliva flow by chlorpromazine. 

Total saliva of an anesthetized 10 weeks old BL6 mouse was collected. 

Secretion of saliva was stimulated by intraperitoneal injection of 10 mg /kg 

chlorpromazine plus 300 µg/kg pilocarpine. All data shown are mean  

SEM (by independent Student’s t-test). 
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Figure 3-2. Chlorpromazine inhibits carbachol & histamine-mediated 

increases in intracellular calcium levels by concentration-dependent manners. 

(A) Fura-2-loaded HSG cells were pre-incubated with chlorpromazine (1 µM, 

light gray; vehicle, black), stimulated with 300 μM carbachol, and the change 

in fluorescence ratio of F340 / F380 was monitored at [Ca2+]i level. (B) Cells 

were pre-incubated with chlorpromazine with the indicated concentraions, and 

the inhibition of 300 µM carbacohol-induced increase in Ca2+ was monitored. 

(C) Fura-2-loaded HSG cells were pre-incubated with chlorpromazine (1 µM, 

light brown; vehicle, brown), stimulated with 100 μM histamine, and the 

change in fluorescence ratio of F340 / F380 was monitored at [Ca2+]i level. (D) 

Cells were pre-incubated with chlorpromazine with the indicated 

concentraions, and the inhibition of 100 µM histamine-induced increase in 

Ca2+ was monitored.  
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Figure 3-3. Chlorpromazine inhibits thapsigargin-induced [Ca2+]i rise in HSG 

cells. (A) Fura-2-loaded HSG cells were pretreated with inhibitors in the 

extracellular Ca2+-free condition, as indicated, and then stimulated with 1 μM 

thapsigargin in the absence of extracellular Ca2+. Ca2+ influx was induced by 

adding 2.5 mM CaCl2 (Ca2+) into the extracellular space: vehicle (black), 30 

μM chlorpromazine (pink) and 20 μM SKF (light gray). Inhibitor and 

chlorpromazine were pretreated 210 s prior to thapsigargin treatment. (B) 

Peak levels of thapsigargin-induced [Ca2+]i influx after CaCl2 treatment were 

quantitatively analyzed and depicted as % of the thapsigargin-induced [Ca2+] 

rise without inhibitor treatment. Number of experiments is depicted in bar 

graph. Each point shown is the mean ± SEM. ***P < 0.001, compared to 

vehicle control 
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Figure 3-4. Chlorpromazine inhibits thapsigargin-induced [Ca2+]i rise in HSG 

cells by concentration-dependent manners. (A) Fura-2-loaded HSG cells were 

pre-incubated with chlorpromazine (30 µM, orage; vehicle, black), stimulated 

with 1 µM thapsigargin, and the change in fluorescence ratio of F340 / F380 

was monitored at [Ca2+]i level. (B) Cells were pre-incubated with 

chlorpromazine with the indicated concentraions, and the inhibition of 1 µM 

thapsigargin-induced increase in Ca2+ was monitored.  
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Figure 3-5. Inhibition of muscarinic-induced intracellular calcium increase by 

chlorpromazine is mediated through Ca2+ release in ER and Ca2+ influx 

through SOCE. (A-B) Fura-2-loaded HSG cells were pre-incubated with 

chlorpromazine (30 nM, orage; vehicle, black in A; 10 µM, light gray; vehicle, 

black in B), stimulated with 300 μM carbachol, and the change in 

fluorescence ratio of F340 / F380 was monitored at [Ca2+]i level. (C-D) In the 

extracellular Ca2+-free condition, cells were preincubated with chlorpromazine 

at indicated concentrations and the degree of inhibition of carbachol-induced 

[Ca2+]i by chlorphromazine was monitored in both Ca2+ release (C) and Ca2+ 

influx (D).  
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Figure 3-6. Chlorpromazine inhibits carbachol- and histamine-induced 

aquaporin-5 translocation in HSG cells. AQP5-Myc transfected HSG cells 

were treated with chlorpromazine, carbachol and histamine, and membrane 

translocation of AQP5 was confirmed. Input (50 %) of total lysate are shown 

on the bottom, and the biotinylated surface AQP5 channels are shown above it. 
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CHAPTER IV 

 

Ca2+-activated K+ channel (BK)  

& its modulator, CRBN  



68 

 

4.1. Introduction 

 

Calcium is a ubiquitous intracellular signal that regulates numerous cell 

processes such as gene transcription, cell motility, and muscle contraction. An 

increase in intracellular calcium regulates the activity of ion channels present 

in the cell membrane to perform various processes. The BK channel, Ca2+ 

activated K channel, which is downstream of cytosolic Ca2+ signaling, is 

known to be expressed in various tissues including neurons, smooth muscle, 

skeletal muscle and endocrine cells. 

The BK channel is a large conductance Ca2+ activated K channel 

consisting of four ��subunits that constitute the pore and � subunit that is 

important for ER retention. The BK channel moves K+ out of the cell, thereby 

accelerating the repolarization of the action potential (AP) and controlling 

neuronal excitability. They are also known to inhibit neurotransmitter release 

by reducing AP duration. Therefore, it is known that overexpression of � 

subunit that constitutes a pore, or deletion of a � subunit that plays an ER 

retention role, increases channel activity and ultimately induces epilepsy or 

neurological disease. Therefore, regulation of surface expression of BK 

channels in cells is a very important issue. 

Cereblon (CRBN) is a key factor that regulates the surface level of this 

BK channel, and binding with BK induces ER retention. Therefore, CRBN 

decreases the surface expression of the BK channel. CRBN gene was located 

on chromosome 3 (3p26.3) exon 11 and highly conserved from plant to man. 

A nonsense (c.1274CT) or missense (c.1171TC) mutation in the CRBN gene 

is suspected to cause intellectual disability (ID) in humans (Higgins et al., 

2004, 2008; Sheereen et al., 2017). Deletion or microduplication of 3p26.3 
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including CRBN also results in cognitive and behavioral impairment 

(Dijkhuizen et al., 2006; Papuc et al., 2015). My lab has identified 

physiological defects in the CRBN that regulates the surface expression level 

of the BK channel. As a result, the excitatory release probability decreased in 

the hippocampus of Crbn KO mice, confirming that this was due to the 

hyperactivity of BK channels.  

However, despite the fact that the study of CRBN has evolved from its 

identification as a mild intellectual disability causal factor, the cellular and 

molecular mechanisms of cognitive impairment caused by CRBN mutations 

remain unclear. In fact, my lab had investigated the function of CRBN using 

CRBN KO animal model, but it is unclear whether the CRBN KO condition 

(i.e. null mutant) has the same phenotype as the CRBN mutation in the 

patients (i.e. nonsense mutant, R419X). 

I confirmed whether the decrease of the release probability observed in 

the CNS was also observed in the PNS, and whether CRBN R419X mutants 

observed in the ID patients and CRBN null mutants showed the same 

phenotype. To do this, I used the Drosophila NMJ system, which represents 

excitatory synapse in the PNS area. 

 



70 

 

4.2. Materials and Methods 

 

Experimental animals  

Drosophila strains were raised on a standard yeast, sugar, and agar medium at 

25°C. The WT strain was w1118 unless otherwise noted. CRBNex1, UAS-Myc-

CRBN and UAS-Myc-CRBNG552X were obtained from Dr. Jongkyeong 

Chung in National Creative Research Initiatives Center for Energy 

Homeostasis Regulation (Institute of Molecular Biology and Genetics and 

School of Biological Sciences, Seoul National University). Df(3R)BSC621 (a 

deficiency uncovering the CRBN locus, #25696) and C155-GAL4 (pan-

neuronal driver, #458) were obtained from Bloomington Stock Center.  

All mice were housed in an animal facility with a specific pathogen-free 

barrier under a 12 h light/dark cycle. Mice were allowed access to food and 

water ad libitum. Wild-type (WT) and Crbn KO male mice (Lee et al., 2013) 

from the C57BL/6 background were used. All experiments were approved by 

the Institutional Animal Care and Use Committee at Seoul National 

University and the Gwangju Institute of Science and Technology Animal Care 

and Use Committee. 

 

Electrophysiology  

Drosophila NMJ recordings Two-electrode voltage-clamp (TEVC) recordings 

of wandering third-instar female Drosophila larvae NMJ were obtained from 

ventral longitudinal muscle 6 in segment A3–A4 at room temperature as 

described previously with modifications (Karr et al., 2009). All dissections 

and recording were performed in HL3.1 saline containing the following (in 

mM): 70 NaCl, 5 KCl, 4 MgCl2, 5 trehalose, 115 sucrose, and 5 HEPES (Feng 

et al., 2004). Larval dissection was performed in Ca2+-free saline to minimize 
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muscle contraction. TEVC recording was performed with 2 mM Ca2+. 

Recording electrodes were filled with 3 M KCl, which had a resistance of 10–

15 M . Recordings were made from cells with an initial resting membrane 

potential between -60 and -70 mV at a holding potential of -70 mV with a 

Gene clamp 500 amplifier (Molecular Devices). The cut segmental nerve was 

stimulated with a glass suction electrode at a suprathreshold level (5 mA) for 

0.2 ms. Signals were filtered at 10,000 Hz, acquired with Axoscope version 

10.2 software (Molecular Devices), and analyzed with Clampfit version 10.2 

software (Molecular Devices). EPSC amplitudes were measured from peak to 

the baseline immediately before EPSC onset. 

Whole-cell recordings. Cells were transferred to a recording chamber where 

they were perfused continuously with ACSF gassed with 95% O2/5% CO2 at a 

flow rate of 2 ml/min. Cells were equilibrated for 5 min before the recordings 

and all of the experiments were performed at 23–25°C. Recordings were 

obtained using Axon Digidata 1550B (Axon Instruments) and patch clamp 

EPC8 (HEKA). Patch pipettes (4–6 M ) were filled with the following (in 

mM): 135 K-gluconate, 8 NaCl, 10 HEPES, 2 ATP-Na, and 0.2 GTP-Na (for 

calcium-activated potassium current experiments) (Aoki and Baraban, 2000) 

at a pH of 7.4 and 280–290 mOsm.  

 

Primary neuronal culture and transfection 

Primary hippocampal neurons were isolated from the early postnatal day 0 

(P0) to P1 WT and Crbn KO mice brains. Hippocampi were digested with 

trypsin (Invitrogen, 15090) and DNase (Sigma-Aldrich, DN25). Dissociated 

neurons were plated on poly-L-lysine coated coverslips at 3 X 105 cells per 

well. Neurons were maintained in neurobasal-A medium (Invitrogen, 10888-

022) supplemented with B-27 (Invitrogen, 17504044), GlutaMAX-I 



72 

 

(Invitrogen, 35050-061), and 1 % penicillin/streptomycin in a humidified 5% 

CO2 incubator at 37°C. Two days after plating, 2.5 M cytosine arabinoside 

was added to inhibit the non-neuronal cells. Twice a week there after, half of 

the medium was exchanged with fresh maintenance medium. Cultured 

hippocampal neurons were transfected with DNA constructs (human wild 

CRBN and R419X) at 7 d in vitro (DIV7) using calcium phosphate. 

Experiments were performed at DIV9-14. 

 

Western blot analysis 

Larval brain and VNC were homogenized in 1 × SDS sample buffer, 

subjected to SDS-PAGE. Blots were blocked in 5% skim milk/TBST (TBS, 

0.2% Tween-20) and incubated with primary antibodies in 5% skim 

milk/TBST overnight at 4 °C. After several washes in TBST, blots were 

incubated for 1 h with HRP-conjugated secondary antibodies in 5% skim 

milk/TBST. Blots were washed several times with TBST and visualized with 

SuperSignal West Pico CL substrate (Pierce). Antibodies were used at the 

following dilutions: anti-Myc (1:1000), anti-β-actin (1:1000), and HRP-

conjugated secondary antibodies (1:5000, Jackson Laboratories). 

 

Immunohistochemistry 

Wandering third instar larvae were dissected in Ca2+-free HL3 saline (5 mM 

HEPES, 70 mM NaCl, 5 mM KCl, 20 mM MgCl2, 10 mM NaHCO3, 5 mM 

trehalose, 115 mM sucrose [pH 7.2]) (Stewart et al., 1994) and fixed in 4% 

formaldehyde/PBS for 30 min. Fixed larvae were washed in PBT (PBS, 0.1% 

Triton X-100), blocked with 5% BSA/PBT for 1 h, and incubated with 

primary antibodies at 4 °C overnight. After several washes with PBT, 

dissections were incubated with secondary antibodies for 1 h at room 
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temperature. Fluorescence images were collected under a Confocal Laser 

Scanning Microsope (Carl Zeiss, LSM700).  

 

Statistical analysis  

Data analyses and graphical display were performed with SigmaPlot version 

11.0 software (Systat Software). All displayed values represent the mean SEM. 

Significant differences between groups were determined using independent or 

paired Student’s t tests or Mann– Whitney U test and multiple comparisons 

were performed using two-way ANOVA. 
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4.3. Results 

 

4.3.1. Drosophila Crbn loss-of-function mutants show decreased probability 

of neurotransmission release not rescued by the overexpression of the 

CRBN G552X mutant. 

Crbn KO mice and Drosophila CRBXex1 mutant showed decreased 

neurotransmitter Pr in excitatory synapses without detectable structural 

phenotypes. However, phenotypes observed in knock-out mutants are not 

synonymous with R419X observed in human mild intellectual disability 

patients. I performed a rescue experiment to confirm that CRBN R419X and 

CRBN null mutants had the same action. First, I performed the rescue 

experiments by the reintroduction of CRBN G522X, a human R419X mimic 

form (Fig. 4-1), using the Drosophila NMJ system, a glutamatergic synapse. 

Using a pan-neuronal C155-GAL4 driver and UAS-Crbn lines, I specifically 

overexpressed WT CRBN in neurons with a CRBNex1/Df background (C155-

GAL4/+; UAS-Myc-CRBN/+; CRBNex1/Df) and tested presynaptic release 

phenotypes. The overexpression of not only WT CRBN, but also the 

Drosophila CRBN G552X mutant did not affect the amplitudes of mEJCs 

(Fig. 4-2A, B; amplitude: F(2,34) = 1.056, p = 0.359) or eEJCs (Fig. 4-3; 

amplitude: F(2,34) = 0.767, p = 0.473) but mEJC frequency in the 

overexpression of CRBN G552X mutant was decreased (Fig. 4-2C; frequency: 

F(2,34) = 4.264, p = 0.022). However, the overexpression of WT CRBN 

successfully rescued PPR (Fig. 4-4; ISI at 10 ms: F(2,34) = 6.637, p = 0.004; ISI 

at 25 ms: F(2,34) = 4.055, p = 0.026; ISI at 50 ms: F(2,34) = 2.474, p = 0.099; ISI 

at 100 ms: F(2,33) = 0.493, p = 0.614), and 20-pulse train stimulation induced 

STP (Fig.4-5; p < 0.001 at the fifth stimulus, p < 0.01 at the sixth, seventh, 
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and ninth stimulus, p < 0.05 at the second, fourth, and 11th stimulus, p > 0.05 

at the third, eighth, 10th, and 12th ~ 15th stimulus) in CRBNex1/Df mutants to the 

levels seen in C155-GAL4 control flies. These rescue effects were not found 

in flies overexpressing the Drosophila CRBN G552X mutant, which mimics 

the human CRBN R419X pathogenic mutant (Fig. 4-4, 4-5). Together, these 

results strongly suggest that the presynaptic functions of CRBN are highly 

conserved from CNS to PNS and that presynaptic defects are caused not only 

by lack of Crbn expression, but also by the CRBN nonsense mutation that is 

observed in human mild intellectual disability patients (Higgins et al., 2004, 

2008). 

 

4.3.2. Human mutant form of Crbn, R419X, results in a relatively small 

decreased in the BK channel activity. 

There is a previous report in which CRBN decreases surface expression level 

of BK channel by inducing ER retention (Liu et al., 2014). In addition, my 

lab found that a Pr decrease in Crbn KO mice might be due to BK channel 

hyperactivity by calcium-activated potassium currents (IK(Ca)). I tested the 

synaptic effects of the intellectual disability related human mutant form of 

CRBN, R419X. For this purpose, cultured hippocampal neurons from Crbn 

KO were transfected by  R419X mutant CRBN or WT CRBN and then I 

measured BK channel activity, IK(Ca), by applying brief depolarization from 

the holding potential (- 50 mV) under a TTX-including external solution 

(Aoki and Baraban, 2000). The BK channel activity of Crbn KO neurons 

with WT CRBN expression was significantly lower than that of the 

untransfected control neurons from Crbn KO mice, whereas Crbn KO 

neurons with R419X mutant CRBN expression showed a relatively small 

decrease in BK channel activity (Fig. 4-7; WT rescue, t(18) = 4.215, p < 0.001; 
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R419X rescue, t(19) = 0.869, p = 0.396). This suggests that increased BK 

channel activity in Crbn KO neurons was reduced by WT CRBN expression, 

but not by R419X mutant CRBN expression.  

 

4.3.3. CRBN G552X, a point mutation in CRBN, has a targeting effect. 

I confirmed that Pr reduction and BK channel hyperactivity were not rescued, 

despite reintroduction of R419X (or G552X in Drosophila) in the CRBN 

loss-of-function mutants. To find out why R419X does not have rescue 

activity, I checked the targeting effect. I have confirmed CRBN expression in 

Drosophila CNS and PNS. When CRBN was presynaptically expressed, it 

was largely observed in brain and partially observed in ventral nerve cord 

(VNC) but not in NMJ (Fig 4-6A, B). However, when CRBN G552X was 

expressed in the same manner, CRBN 552X was observed to be expressed in 

VNC and axon terminal, unlike CRBN WT, but not in brain (Fig 4-6A, B). 

This means that the G552X point mutation shows a targeting effect. The 

western blot experiments confirmed that this point mutation did not affect the 

protein synthesis of CRBN (Fig 4-6C). 
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4.4. Discussion 

 

One of the concerns regarding experiments conducted with conventional or 

conditional Crbn KO mice is whether the complete genetic deletion of the 

gene encoding CRBN in Crbn KO mice is a valid model of CRBN-associated 

intellectual disability in human patients. To address this question, I applied 

two approaches. First I used a Drosophila model with neuron-specific CRBN 

overexpression in Crbn KO flies using both WT and G552X mutant CRBN. 

Drosophila CRBN G552X mutation mimics the human CRBN R419X 

mutation, which causes mild intellectual disability. I confirmed that the 

defects were rescued by reintroduction of WT CRBN into Crbn KO flies, but 

not by reintroduction of the G552X mutant CRBN. I also used cultured 

hippocampal neurons from Crbn KO mice expressing human WT or R419X 

mutant CRBN to demonstrate that the reduced Pr in Crbn KO neurons is 

restored by reintroduction of WT CRBN, but not by R419X mutant CRBN. 

These results suggest that presynaptic Pr decrease can be induced by either 

complete loss of CRBN expression or CRBN mutation (i.e., R419X in 

humans and G552X in Drosophila).  

These results confirm again that CRBN acts on the downstream of Ca2+ 

signaling, Ca2+-activated K+ channel, to regulate presynaptic neurotransmitter 

release, and contributes to understanding how CRBN mutation in human 

patients causes intellectual disability. 
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Figure 4-1. Domain structures of human CRBN and its Drosophila ortholog 

with percentage identity between their corresponding domains. CRBN C-like 

domain is shown in dark yellow. The single asterisks denote substitution 

mutations of CRBN used in this study.  
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Figure 4-2. The overexpression of not only WT, but also the Drosophila 

CRBN G552X mutant did not affect the amplitudes of mEJCs. (A) 

Representative traces of spontaneous mEJCs in the following genotypes: 

C155-GAL4/+ (control), C155-GAL4/+; UAS-Myc-CRBN WT/+; CRBNex1/Df 

(CRBN WT rescue) and C155-GAL4/+; UAS-Myc-CRBN G552X/+; 

CRBNex1/Df (CRBN GX rescue). (B-C) Mean amplitude and frequency of 

spontaneous mEJCs are shown. N =11 control; n = 8 CRBN-WT rescue; n = 

18 CRBN-GX rescue. All data shown are mean SEM. ***p 0.001; **p 

0.01; *p 0.05. n.s., Not significant by independent Student’s t test. 
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Figure 4-3. The overexpression of not only WT, but also the Drosophila 

CRBN G552X mutant did not affect the amplitudes of eEJCs. (A-B) 

Representative eEJC traces and mean amplitude of eEJCs in CRBN rescue 

animals. N = 11 control; n = 8 CRBN-WT rescue; n = 18 CRBN-GX rescue. 

All data shown are mean SEM.  
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Figure 4-4. Overexpression of CRBN WT rescued the increased PPR (10 and 

25 ms ISI) at Crbn mutant synapses but CRBN GX did not. (A-B) 

Representative traces and PPR is plotted against indicated ISIs. N = 11 control; 

n = 8 CRBN-WT rescue; n = 18 CRBN-GX rescue. All data shown are mean 

SEM. ***p 0.001; **p 0.01; *p 0.05. n.s., Not significant by 

independent Student’s t test. 
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Figure 4-5. 20-pulse train stimulation-induced STP at Crbn mutant synapses 

is rescued by presynaptic CRBN-WT expression but not by CRBN-GX. (A-B) 

Representative traces and the amplitudes of eEJCs are plotted against stimulus 

number. N = 10 control; n = 8 CRBN-WT rescue; n = 15 CRBN-GX rescue. 

All data shown are mean SEM. ***p 0.001; **p 0.01; *p 0.05. n.s., 

Not significant by independent Student’s t test. 
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Figure 4-6. CRBN G552X, a point mutation in CRBN, has a targeting effect. 

(A-B) Confocal images of the CNS (A) and PNS (B) dissected out of wild-

type third instar larvae double stained with anti-Myc (red) and anti-HRP 

(green). (C) Western blot of brain extracts of third instar WT rescue and GX 

rescue larvae probed with anti-Myc and reprobed with anti-β-actin.  
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Figure 4-7. Crbn KO neurons with human R419X CRBN expression showed 

a relatively small decreased in the BK channel activity. (A-B) Representative 

IK(Ca) traces in untransfected (red) and transfected (grey in WT rescue; pink in 

R419X rescue) hippocampal neurons cultured from Crbn KO mice. 

Overexpression of CRBN WT reduced the increased IK(Ca) in hippocampal 

cultured neurons in Crbn KO mice but overexpression of CRBN R419X did 

not. n = 11 untransfected Crbn KO cells; n = 9 WT CRBN transfected Crbn 

KO cells (WT-Rescue); n = 11 untransfected Crbn KO cells; n = 10 R419X 

CRBN transfected Crbn KO cells (R419X-Rescue).  
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Conclusion 

 

Chapter I. 

Characterization of SOCE in non-excitable cells including salivary 

gland cells  

• In most non-excitable cells, SOCE shares the Gd3+ dependent Orai1 

mechanism 

• HSG, a non-excitatory cell, is similar to PC12, an excitatory cell, and 

is independent of Orai1.  

• TrpC dominant action in salivary gland 

 

 

  

Figure 1. Summary of inhibitor sensitivity in various cells. 

.  
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Chapter II. 

Zn-mediated Ca2+ signaling & aquaporin-5 translocation in HSG 

cells 

• ZnR/GPR39 exists in HSG cells. 

• Salivary ZnR/GPR39 is independent from Muscarinic/Histamine 

receptors. 

• ZnR/GPR39 triggers translocation of aquaporin-5. 

• Zn may induce salivary secretion. 

 

 

Figure 2. Schematic model of Zn-mediated Ca2+ signaling and aquaporin-5 

translocation in HSG cells.  
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Chapter III. 

Xerogenic antidepressant chlorpromazine inhibits salivary signaling  

• In salivary gland cells, inhibition of Ca2+ signaling by chlorpromazine 

acts at various inhibitory sites.  

- Muscarinic Receptor - induced Ca2+ signaling 

- Histamine Receptor - induced Ca2+ signaling 

- Ca2+ release from ER 

- Ca2+ influx from SOCE 

• Potent xerogenic effect due to synergistic inhibition in salivary glands.  

 

 

 

 Figure 3. Schematic model of the inhibition of salivary Ca2+ signaling by 

chlorpromazine, xerogenic antidepressant.  
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Chapter IV. 

Ca2+-activated K+ channel (BK) & its modulator, CRBN 

• Similar to the CNS, the loss of CRBN in the neuromuscular junction, 

the PNS, affects presynaptic neurotransmitter release function via 

altered BKCa channel activity. 

• R419X in the ID patient acts almost like a null mutant. 

 

 

Figure 4. Schematic model of the relationship between CRBN  

and BKCa. 

.  
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Summary 

Neuronal regulation of peripheral organs mediated by calcium signaling 

 

 
 

Figure 5. Schematic model of neuronal control of peripheral functions. 
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